The ability of age-0 year yellow perch Perca flavescans to detect prey using visual and mechanosensory input was examined during laboratory feeding trials at varying light intensities. Perch were highly effective predators and captured Daphnia pulicaria with 94% overall foraging success at light levels ranging from 0 to 3400 lx. Maximum average reaction distances (5Á0 AE 0Á8 cm, mean AE S.E.) occurred in front of the fish at 3000 lx and significantly decreased as light intensities fell to <2 lx, with minimum reaction distances (2Á8 AE 0Á1 cm) observed in the dark. Following chemical ablation of the lateral line, yellow perch showed a significant reduction in reaction distance when compared to the untreated fish at 3000 lx, suggesting that the lateral line may augment visual prey detection at high light levels. A model was created to predict reaction distances for fish feeding with multiple sensory systems that can be applied to a variety of photic environments. This study provides a better understanding of the contribution of vision and the lateral line to prey detection, and relates the reaction distance of age-0 year yellow perch to light intensities similar to those experienced in nature.
INTRODUCTION
Teleosts have evolved and refined a wide variety of sensory systems for life in aquatic environments. The complex interactions of light transmission through the water column have selected for visual systems adapted to accommodate dynamic changes in light intensity. Visual range is compromised, however, when underwater light is absorbed and scattered to create dim, monochromatic environments in clear lakes at depths >5 m and in turbid lakes with suspended organic particles (Lythgoe, 1979; Gerking, 1994) . Therefore, in situ measurements of fish behaviour are difficult to quantify, and thus controlled laboratory experiments are essential for determining the effects of light on feeding, growth and survival (Boeuf & Bail, 1999) . The influence of light on laboratory foraging behaviour can be extrapolated to estimate ecological performance in the field.
Survivorship of age 0 year fishes depends on the quantity and quality of plankton consumed within the first year of life (Crowder & McDonald, 1987; Bremigan & Stein, 1997) . During early life stages, fishes undergo ontogenetic changes in body size and sensory systems that increase swim duration, speed, detection range, accuracy and overall foraging efficiency (Hairston et al., 1982; Blaxter, 1986; Miller et al., 1988; O'Brien & Evans, 1991; Browman & O'Brien, 1992) . As the mouth gape of age 0 year fishes increases to allow the consumption of larger sized prey, the lateral line system develops and enhances prey detection, while retinal composition and visual sensitivity change to accommodate migration into different photic habitats.
Young yellow perch Perca flavescens (Mitchell) possess three classes of cone photoreceptors: single ( max ¼ 580 nm), twin ( max ¼ 530 nm) and near-ultraviolet ( max ¼ 400 nm) corner cones to detect prey in surface waters dominated by short wavelength light (Loew et al., 1993) . Visual resolution improves as yellow perch size increases (30-40 mm standard length, L S ) and fish migrate to demersal waters with light levels <2 lx (Wahl et al., 1993) . Age 0 year yellow perch selectively feed on Daphnia sp. in the wild (Hansen & Wahl, 1981; Grant & Kott, 1999) , and Mills et al. (1989) discovered that yellow perch (30-60 mm total length, L T ) optimized foraging by consuming intermediate sized prey in the laboratory. The foraging mechanisms involved in prey selection and capture are important when understanding fish foraging. Knowledge of these mechanisms, with regard to competitive interactions, fish distributions and habitat constraints can lead to more effective management strategies.
In this laboratory study, the foraging performance of age 0 year yellow perch was estimated, and the correlation between light intensity and reaction distance was used to create a predictive prey-detection model. To determine the relative contribution of vision and the lateral line during prey detection, the foraging ability of untreated, control, yellow perch was compared to fish feeding with impaired lateral lines. These mechanisms may be incorporated into models that simulate the foraging success of fish feeding with multiple sensory systems in light limited environments.
METHODS

FISH COLLECTION AND CULTURE
Yellow perch (ranging from 31 to 88 mm L T ) were collected using beach seines in Little John Lake in Vilas County, WI, U.S.A., and from Rice Lake in Duluth, MN, U.S.A., from June to October 2002. The fish were housed and maintained at the University of Wisconsin-Madison Trout Lake Field Station in Vilas County and at the University of Minnesota-Duluth. The fish were divided into groups of 10, placed in 9 l plexiglass aquariums (Aquatic Ecosystems Inc.), and maintained at a constant temperature of 20 C. The tanks were part of a recirculating, mechanical, chemical and UV filtered system subjected to a 12L : 12D photoperiod with an average light intensity equal to c. 1200 lx. The fish were fed until satiated twice daily on a diet of Daphnia pulicaria, except on days of the experimental feeding trials. New fish (n ¼ 80) were collected approximately every 2 weeks to avoid learned foraging behaviour during the experimental feeding trials. All experiments conformed to the University of Minnesota and the University of Wisconsin institutional animal care protocols.
ZOOPLANKTON COLLECTION
Daphnia pulicaria were collected biweekly using an 80 mm mesh plankton net from Allequash and Big Muskellunge Lake, WI, U.S.A., and from Island Lake in Duluth,
MN, U.S.A. A sub-sample (n ¼ 30) from each collection day was measured using a KR-812 micrometer on a Zeiss inverted microscope. The total body length for each cladoceran was estimated as the distance from the helmet to the base of the posterior spine and averaged across sub-samples (1Á6 AE 0Á0 mm, mean AE S.E.).
FEEDING ARENA
The feeding arena consisted of a rectangular aquarium that was partitioned into three sections by opaque dividers. This design allowed several fish to be simultaneously loaded and acclimated. The aquarium was placed on a platform containing a single viewing port of approximately the same size as an aquarium section. The feeding arena and platform were surrounded by black plastic to minimize outside disturbance. After the completion of one trial, the aquarium was moved laterally, and the next chamber was positioned over the viewing port. Predator-prey interactions were observed via a first-surface mirror (Edmund Scientific Co.) positioned below the platform at a 45 angle, and a 5 Â 5 mm grid placed above the feeding arena provided spatial reference during data analysis. Arena dimensions increased throughout the experiment to accommodate fish growth, water within the arena was maintained at a depth of 7 cm, and temperature was held constant at 20 C, range AE 1Á0 C.
LIGHT INTENSITY
Illumination was provided by either two 40 W, Coralife daylight bulbs, or by a 60 W incandescent bulb positioned 30 cm above the water surface, and intensity was regulated by a rheostat device (Superior Electric Co.). During the summer, light intensity was measured at the surface using a LiCor PAR line quantum sensor (LI-190SA air) paired with a Campbell datalogger (model 21X) in units of mE
. By autumn, light intensity was measured using an Extech light meter (model 401027) in units of footcandles (1 lx ¼ 0Á1 Fc). Intensity measurements from both light meters were comparable with relative instrument error equal to AE5%. For light intensities below the minimum range of the meters (2 lx), neutral density gelatin filters (Kodak Wratten) were used to achieve the desired light intensity.
EXPERIMENTAL FEEDING TRIALS
A sub-sample of fish (n ¼ 40) was removed from the general population and held without food for a minimum of 12 h prior to each feeding trial. Individual fish were placed within the feeding arena and acclimated for a minimum of 30 min before feeding commenced. For most feeding trials, D. pulicaria were individually inserted into the feeding arena via a pipette positioned 2 cm below the surface. Feeding interactions were recorded for c. 15 min using a Sony Handycam digital video recorder with infra-red sensitivity (30 frames s
À1
) by a hidden observer. The infra-red feature was restricted to trials with light levels <5 lx.
Reaction distances for three size-classes of yellow perch ( 30 mm, 31-59 mm and !60 mm mean L T ) were measured. In early summer, experiments were conducted using small yellow perch ( 30 mm) in a 10 Â 10 cm (700 ml) arena at three light intensities: 0, 100 and 3000 lx. Once fish were >30 mm, the tank size was increased to 20 Â 10 cm (1400 ml). Predator-prey interactions continued to be monitored at these three light intensities, and at 20, 35, 160, 1010 and 3400 lx. By autumn, when field-caught fish increased to !60 mm L T , the feeding arena was enlarged to 30 Â 20 cm (4200 ml), and low light intensities were tested (0-20 lx). After each trial, the experimental fish were returned to their home aquaria, and placed back on a normal feeding regime for a minimum of 48 h before being reused in additional experiments. Individual fish were reused for a maximum of three trials.
LATERAL LINE ABLATION
The lateral line was ablated by immersing fish for 14 to 16 h in 0Á01 mmol l À1 of CoCl 2 (Karlsen & Sand, 1987) . For these experiments, a subsample (n ¼ 51) of yellow perch was
acclimated within a separate enclosed aquarium. The treated yellow perch were used only once per experiment, and their behaviour at 0, 100 and 3000 lx was compared to similar sized (34 mm mean L T ) untreated fish. The ablated fish were sacrificed by an overdose of MS-222 at the conclusion of each trial.
DATA ANALYSIS
Reaction distance was measured as the distance between the fish and the prey at the moment the fish oriented towards the prey during each feeding trial. Orientation involved a change in direction along the horizontal axis of the fish in response to a moving prey. Additional reactions that occurred prior to orientation (i.e. eye movements) were not discernable during video analysis making the distance estimates conservative. Reaction distances and pursuit angles during the initial attack were recorded at each light intensity, and measured frame-by-frame using DV Shelf (Sony Co.) image capturing and Scion Image (Scion Co.) distance analysis software. Only trials with the fish located at the opposite end of the tank and facing away from the pipette at the moment of prey entry were analysed to eliminate bias due to fish orientation.
During each feeding trial, predation events for location, pursuit, attack and retention were individually measured. The probability of locating prey was defined as the proportion of possible events within the arena where the fish oriented towards the prey. Pursuit was calculated as an event where the fish pursued the prey once it was located within the feeding arena. Attack probability equalled the proportion of all attacks that were successful, and the probability of retention was the percentage of events in which the fish consumed the prey upon initial contact without it escaping the buccal cavity. Trials in which the fish attacked and captured prey that were previously rejected were counted as non-retentions. The variability of the mean predation events was used to assess whether foraging was significantly greater than zero (P < 0Á05).
MODELLING
To estimate the relationship between reaction distance and light intensity, a MichaelisMenten function (O'Neill et al., 1989) was applied to the data at various light levels. The model took the form:
À1 , where R is the predicted reaction distance in cm, a is equal to the 'half-saturation constant' and R max is equal to the maximum reaction distance when light intensity (I) is unlimited. Variables for a and R max were estimated in SYSTAT (v. 10, SPSS inc.) using Gauss-Newton non-linear regression estimation procedures. The model operates under five assumptions that include: (i) the fish convert available light into reaction distance, (ii) the reaction distance is processed at random by both the retina and the lateral line, (iii) the light is processed at a maximum rate, (iv) the sum of the probability of waiting for a photon of light and handling of the photon are equal to one and (v) there is no interaction among light intensities (a previous reaction distance does not influence another reaction distance). Similar models have been used to examine consumption as a function of visual handling time (Bergman, 1988; Asknes & Giske, 1993) and the relationship between consumption rate and Daphnia density (Koski & Johnson, 2002) .
RESULTS
Juvenile yellow perch proved well adapted for the detection and capture of planktonic prey. Yellow perch successfully detected prey with 94% average overall foraging success across a wide range of light intensities (Table I) with the majority of attacks occurring in a forward-facing AE0-30 arc (Fig. 1) . Light intensity influenced the distance with which yellow perch responded to moving prey (Fig. 2) . Maximum average reaction distance (5Á0 AE 0Á8 cm, mean AE S.E.) occurred at 3000 lx, while minimum reaction distances (2Á8 AE 0Á1 cm)
occurred at 0 lx. Fish reacted to D. pulicaria at greater distances (4Á4 AE 0Á4 cm) between 5 and 3000 lx than between 0 and 2 lx (3Á0 AE 0Á4 cm, Kruskal-Wallis test, n ¼ 657, P < 0Á05). Fish L T did not significantly influence reaction distance. 
]. The detection model was predictive and explained c. 70% of the variability in reaction distance for yellow perch feeding at light intensities between 0 and 3400 lx (non-linear regression, r 2 ¼ 0Á7, n ¼ 657, P < 0Á05), with a light threshold occurring between 2 and 5 lx (Fig. 2) .
Juvenile yellow perch searched larger areas for prey at high light levels (Fig. 3) . Reaction distances were significantly longer at high light levels within AE0 -30 and AE30 -60 arcs (Kruskal-Wallis test, n ¼ 657, P < 0Á05). Consistent strike success in the dark, and under low light conditions, suggests that yellow perch successfully detect prey using non-visual sensory systems.
Eliminating the lateral line function significantly reduced the reaction distances of the treated yellow perch at high light intensities. The CoCl 2 -treated perch experienced significantly shorter reaction distances compared to the untreated fish (3Á1 AE 0Á3 cm v. 5Á0 AE 0Á8 cm) at 3000 lx (Mann-Whitney test, n ¼ 51, P < 0Á05). The CoCl 2 -treated fish, however, continued to detect prey at minimum distances in the dark (2Á8 AE 0Á1 cm). There was no significant difference between the reaction distances of CoCl 2 -treated and untreated fish at 0 lx (Mann-Whitney test, n ¼ 274, P > 0Á05).
DISCUSSION
The main objective of this study was to accurately quantify reaction distance, angle and strike success over a wide range of light intensities. This constrained the arena dimensions to maintain adequate viewing of the predator and prey. Similar studies have reported greater reaction distances (Table II) Laboratory determined reaction distance ( * ) in relation to the log 10 of light intensity for yellow perch feeding on Daphnia pulicaria. The curve ( ) was fitted from:
therefore remains whether yellow perch have shorter reactive distances than other fish species or the difference is the result of methodology. The earlier studies used larger fishes, elongated aquariums, and trained or conditioned fishes that may have increased reaction distance. Confer et al. (1978) suggests that long, narrow aquariums increase the reaction distances of yellow perch by c. 30% compared to smaller aquariums. Naı¨ve fish would be expected to have smaller reaction distances than conditioned or trained animals, and the reactive distances of other species have been shown to increase with body length (Breck & Gitter, 1983; Miller et al., 1993) . The combination of the relatively small and naı¨ve (never used more than three times) fish, and modest sized aquaria used in the present study, may partially explain the discrepancies. Whether yellow perch 
experience greater reaction distances in larger aquariums, or in the field, remains to be determined. Although Miller et al. (1993) theoretically determined that yellow perch could detect prey up to 20 cm under day light fluorescent lamps, the authors were quick to add that reaction distances would probably be smaller under natural conditions. Prey selection is made up of complex interrelationships between fish growth and prey size (Mills et al., 1989) . Wahl et al. (1993) observed that visual acuity and L S negatively correlate as yellow perch mature and switch from pelagic to demersal habitats. Interestingly, the present study showed no correlation between fish length and reaction distance. This, in part, may be due to the fact that light intensity was tested at separate intervals throughout the course of the summer with three size classes of fish. Therefore, future laboratory studies are proposed to examine gape limitation, swimming ability, energetics and prey selection using different Daphnia species across a wide range of fish size classes and light intensities.
The 'mechano-sensory' lateral line provides fishes with sensory input sufficient to enhance foraging efficiency (Janssen & Corcoran, 1993) , and behavioural studies performed on the Chinese perch Siniperca chuatisi (Basilewsky) 
( Liang et al., 1998) , stated that the lateral line serves as an effective substitute for vision in the dark. The ability of yellow perch to forage in the dark demonstrates that these fish have functional lateral lines capable of detecting large zooplankton. The CoCl 2 -treated yellow perch showed a significant reduction in reaction distance when compared to the untreated fish at 3000 lx, indicating that the lateral line may also augment vision at high light levels. Surprisingly, CoCl 2 -treated fish retained the ability to detect prey in the dark. Therefore, without visual or mechano-sensory input, the question remains: what mechanisms are involved in prey detection? It is possible that yellow perch have directional hearing that allows them to localize the position of prey within the water column (Fay, 1988) . Karlsen (1992) suggested that the inner ears of European perch Perca fluviatilis L. were capable of detecting infrasound frequencies sufficient to enhance prey detection. Alternatively, the lateral line of the yellow perch may have been blocked incompletely by the CoCl 2 treatment, providing residual function sufficient to locate prey in the dark. Although yellow perch may possess additional sensory mechanisms, the present study did not examine alternative possibilities beyond the contributions from the visual and lateral line sensory systems.
Measurements of fish reactive distance are often incorporated into mathematical models for encounter rate (Baird & Jumper, 1995; Beauchamp et al., 1999) , prey consumption (Werner & Hall, 1974; Eggers, 1976; Wright & O'Brien, 1984; Mason & Patrick, 1993; Peterson & Gadomski, 1994) and growth-rate potential (Mason & Brandt, 1996) . Most predator-prey models, however, do not incorporate bi-modal sensory systems. To accurately interpret predator-prey interactions, a prey-detection model was created that determined reaction distance as a function of multiple sensory systems working together to enhance prey capture at different light levels. Prey detection models that relate reaction distance to light intensities experienced in nature provide insight into how yellow perch forage in the wild.
Diurnal feeding fishes often experience reduced capture success at dusk, dawn and throughout the night when light reduces visual prey detection. Zooplankton that undergo diurnal vertical migration avoid surface feeding fishes and seek refuge at low light levels (Zaret & Suffern, 1976) . Based on the results of the present study, it appears that juvenile yellow perch possess highly advanced sensory systems capable of facilitating foraging in low light environments. This may be especially important in the face of competition from exotic species, such as the ruffe Gymnocephalus cernuus (L.), which are adapted to maximize foraging at low light levels (Bergman, 1988; Janssen, 1997) .
Light intensity played a key role in defining the prey detection abilities of juvenile yellow perch, and when combined with other factors (i.e. prey availability and inter and intraspecific competition), may influence prey selection within a variety of photic environments. The relationship between prey detection and light intensity established in the present experiment could prove useful in determining which lakes are most likely to sustain successful year classes of age 0 year yellow perch given variability in water clarity. When the prey detection abilities of juvenile yellow perch are combined with foraging and bioenergetics models, it may be possible to predict potential foraging, growth,
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reproductive success and the outcome of competitive interactions of fish in lakes with differences in water clarity.
